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EXECUTIVE SUMMARY
Current researchers in tissue engineering for peripheral nerve damage are
pursuing the replacement of simple tubes to improve peripheral nerve repair by using
bio-absorbable, bio-degradable materials and a multi-lumen design. Due to its accuracy
and ease of use and control, the use of stereolithography (SL), a rapid prototyping (RP)
technique, has been proposed by our research group for the fabrication of three
dimensional (3D) nerve guidance conduits (NGCs) [Arcaute et al., 2005a, b, and c,
2006a and b]. To fabricate NGCs within sterility assurance levels, it was proposed to
retrofit an SL system inside a laminar flow hood that will provide an aseptic, particulatefree environment during fabrication. This system was referred to as Bio-SL system.
The following parameters were considered to determine the specifications of the laminar
flow hood.
•

Effect of air-flow direction on the system’s structural integrity: The two
types of laminar flow hoods, vertical and horizontal, were available. As
blowers in vertical laminar flow hood are mounted on top to give
downward vertical airflow, it was very difficult to find space to
accommodate the laser assembly on the top panel of the hood.
Therefore, it was decided to acquire a horizontal laminar flow hood in
which the blowers are generally mounted below the work area. This left
ample space to install the laser assembly on the top panel of the hood.

•

Dimensions of the components to be retrofitted: The inside work area of
the laminar flow hood was determined according to the dimensional
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requirement of 21” x 22” x 33” (WxDxH) for beam profiler and elevator
assembly installation.
•

Level of biosafety required for NGC fabrication: The HEPA filter (0.3 µm
filter size) and UV germicidal lamp (254 nm wavelength) were included in
the laminar flow hood in order to have an aseptic, particulate-free
manufacturing environment to fabricate NGCs within sterility assurance
levels.

All the major components of the SL system were retrofitted inside a laminar flow
hood maintaining the original integrity of the system while at the same time having an
aseptic, particulate-free manufacturing environment. The Bio-SL system was a SLA
250/30. The major retrofitted components were:
a)

Laser Assembly: An assembly of solid state laser source and a number of
focusing lenses and mirrors.

b)

Z-stage with platform: An assembly of motor operated vertical traverse
called Z-stage and a metal platform to hold the parts built by the SL
process.

c)

Beam Profilers: An assembly of two beam profilers which guides the laser
to its absolute position.

After all the components were retrofitted inside the hood, two different studies,
including laser beam calibration and hood certification test, were conducted in order to
assess the integrity of the Bio-SL system and the laminar flow hood.

Then, two

experiments were carried out to evaluate the fabrication capabilities of the Bio-SL
system.

In these experiments, NGCs were fabricated in the Bio-SL system under
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different conditions. For the first experiment, different dimensions of NGCs fabricated
in the Bio-SL system, with and without the blower in operation, were compared to the
dimensions of NGCs fabricated in an original SLA 250/50 system. The comparison of
the different dimensions was used to determine if the fabrication capabilities of the BioSL system were similar to an original system.
For the second experiment, a sterility test was performed. NGCs were fabricated
in the Bio-SL system using aseptic procedures (including the blower in operation) and
incubated in microbiological growth medium. The conduits were incubated for a week
at 30 °C, 5.0 % CO2, and 90 % relative humidity and monitored daily for any signs of
contamination or growth of microorganisms to test if the fabrication was carried out
under sterility assurance levels.
The laser beam calibration showed that the laser and optics were retrofitted
properly. The laser beam diameter measurements from laser paper exposed to the
beam showed that the beam in the Bio-SL system had a circular shape as the
difference between the large and small diameters measured was ~0.00125 in and
maintained the circular shape over a vertical distance of ~1 in.

Also, the beam

calibration and power measurements for both the original and Bio-SL system showed
that the energy imparted by the laser in the original SLA 250 was larger than the Bio-SL
system due to the lower laser power recorded for the Bio-SL system. In order to have
comparable fabrication conditions, the laser speeds were adjusted when fabricating
NGCs for the experiments in both systems.
The certification test of the laminar flow hood with the Bio-SL system was
performed by a contracted company (Protech Services). In the test, a leak in a small
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section at the bottom of the high efficiency particulate air (HEPA) filter was detected.
The leak (5” x 3”) was located outside the area where the retrofitted components were
assembled. It was recommended to replace the HEPA filter in order to fix the leak. The
cost for replacement was prohibitive (~$1000) and thus, not replaced. However, during
fabrication of the NGCs for sterility testing, this area was avoided.
Photocrosslinkable, commercially available poly(ethylene glycol) diamethacrylate
(30 wt %) was used with cytocompatible photoinitiator Irgacure (0.5 wt %) to fabricate
NGCs.

Immediately

after

fabrication,

the

conduits

were

imaged

using

a

stereomicroscope in order to measure the conduit dimensions. Digital images from the
top and the bottom of the conduits were acquired. Outer diameter (OD) and inner
diameter (ID) dimensions from the top view of the samples were determined from
images obtained at 20x magnification, while OD and Lumen Diameter (LD) dimensions
from the bottom view of the samples were determined from images obtained at 32x and
115x magnification, respectively. The mean values of the OD cap portion, OD multilumen portion, ID cap portion, and LD were 2984 µm, 3002 µm, and 3004 µm; 2699 µm,
2681 µm, and 2707µm; 1986 µm, 1986 µm, and 1938 µm; and 474 µm, 454 µm, and
451 µm for the original SLA 250 system, Bio-SL system, and operating Bio-SL system,
respectively.

The results showed that the mean OD cap portion values for Bio-SL

system and operational Bio-SL system both were 1 % higher than the original SLA 250
system. Similarly, the mean ID cap portion values for Bio-SL system and operational
Bio-SL system were 1 % lower and 1 % higher than the original SLA 250 system,
respectively. Also, the mean lumen diameter values for Bio-SL system and operational
Bio-SL system both were 1 % lower than the original SLA 250. Despite the difference in
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dimensions for the NGCs fabricated in various conditions, statistical analysis on the
data obtained from the measurements of fabricated conduits showed that this difference
was not significant as P-values were larger than 0.05. Hence, it can be stated that the
Bio-SL system can manufacture the conduits with comparable dimensional accuracy as
the original SLA 250 system even with the operating fan.
The standard procedure of working in a laminar flow hood was followed for the
sterility testing, which included the use of a ultra-violet (UV) germicidal lamp for 30
minutes prior to using the system, and having HEPA-filtered air passing constantly over
the work surface through the laminar flow hood during operation. All the materials for
the sterility test were disinfected, autoclaved, or filter-sterilized. The sterility test of the
conduits showed no signs of media contamination after a week of incubation.
The SLA 250/30 system was successfully retrofitted inside the laminar flow hood
and original system manufacturability was achieved.

This was evident from the

comparison studies conducted on the laser beam and the dimensional analysis of the
fabricated scaffolds from both the systems which showed that the dimensional accuracy
of the conduits fabricated in Bio-SL system was comparable to the dimensions of
conduits fabricated inside the original SLA 250 system.

No sign of microorganism

growth was observed in the media with scaffolds fabricated in the operating Bio-SL
system, which showed that the conduits can be manufactured within sterility assurance
levels.
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CHAPTER 1
1.1

INTRODUCTION

PROJECT MOTIVATION
One of the methods to treat peripheral nerve damage caused mainly by physical

injuries due to motor vehicle and work related accidents is tubular repair using nerve
guidance conduits (NGCs). Natural (allo- or xenografts of arteries, veins, muscles) and
synthetic (mostly silicone) tubes are implanted to connect the damaged nerve stumps
and provide a supporting framework for peripheral nerve axes and cells to regenerate.
Current researchers in tissue engineering for peripheral nerve damage are pursuing the
replacement of simple tubes to improve peripheral nerve repair by using bio-absorbable,
bio-degradable materials and incorporating growth factors and support cells into the
NGC to promote faster healing over longer lengths of nerve defects [Sundback et al.,
2003; Hadlock et al., 2000; Pallante et al., 2005; Arcaute et al., 2005c, 2006a]. The
current techniques used to manufacture synthetic NGCs, including textile technologies,
solvent casting, particulate leaching, dipping of a substrate, material deposition, and
phase separation systems suffer from many challenges including difficulty in achieving
three-dimensional (3D) features and dimensional and material control capabilities. Due
to its accuracy and ease of use and control, the use of stereolithography (SL), a rapid
prototyping (RP) technique, has been proposed by our research group [Arcaute et al.,
2005 a, b, and c, 2006a and b] for the fabrication of 3D NGCs [Comeau et al., 2005;
Cooke et al., 2002; Dhariwala et al., 2004].
As NGCs will eventually be implanted, either in an animal model to test their
regeneration capabilities or eventually in a human being, the manufacture of the
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conduits should be performed in an aseptic, particulate-free environment. To fabricate
NGCs in an aseptic, particulate-free environment, we propose to retrofit a SL system
inside a laminar flow hood. BioSafety Cabinets (BSCs) are the simplest way to provide
aseptic, particulate free environment by passing constant, filtered air flow over the work
surface [Freshney, 2000]. Therefore, the aim of this project was to retrofit a SL system
inside a laminar flow hood in order to manufacture NGC’s in a particulate-free
environment.

The standard procedure of working in a cabinet was followed, which

includes use of UV germicidal lamp prior to using the system, and having HEPA-filtered
air passing constantly over the work surface through the laminar flow hood. A (BSC)
that can accommodate the existing design specifications of SL components was
selected. The basic SL components to be fitted inside the BSC include a Z-stage with
platform, beam profilers, laser assembly, and a wiring harness. The components to be
retrofitted were sanitized prior to installation inside the laminar flow hood.

1.2

BACKGROUND
A relatively new method of nerve repair has received attention using tissue

engineered (TE) scaffolds called NGCs that provide a supporting framework for general
guidance to regenerate neurons. Current research in nerve regeneration involves the
introduction of TE bioabsorbable, biodegradable and non-immunogenic materials,
growth factors, and cells into the NGCs to promote faster healing over longer lengths of
nerve defects. As part of this research, some groups are examining conduit designs
with multiple lumens in order to better mimic the natural structure of a nerve [Sundback
et al., 2003; Hadlock et al., 2000; Pallante et al., 2005; Arcaute et al., 2005c, 2006a].
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Our research group has proposed the use of SL, an RP technique, to overcome
the complexities of manufacturing 3D implantable multi-lumen, multi-material, bioactive
NGCs in the use of SL. Although SL was first commercialized in the mid 1980s, the use
of SL in TE was fairly recent with research activity rapidly and continually increasing.
SL is becoming accepted as the fabrication method most able to manufacture complex
TE scaffolds. This is due to SL’s layered manufacturing (LM) nature where placement
of cells and bioactive agents within the scaffold are possible during construction. The
accuracy of SL makes possible the capability of fabricating 3D soft tissue scaffolds for
mass production.

An advantage of using SL is that the mechanical and bioactive

properties can be varied throughout the scaffold that is being fabricated.
To fabricate NGCs within sterility assurance levels, the environment where the
NGCs are fabricated must be free of microorganisms [Kowalski and Morrissey, 2004].
The commercially available SL systems are not designed for the aseptic, particulatefree manufacturing. In order to provide an aseptic, particulate-free environment for
NGC fabrication using SL, design modifications must be carried out to incorporate
biosafety features in the system. Previous work in this area [Hernandez et al., 2006],
suggested the following design changes to the existing SLA 250 system as shown in
Figure 1.1. The modified design included a fan, located above the work area, which
would provide constant filtered air to the work area. The ducting system would direct
the air through an HEPA filter, thereby removing any particles contained in the air to
avoid contamination while manufacturing scaffolds.
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Laser

Mirror Cover

Elevator
Building Platform
Exhaust

Fan Box
A

Vertical Sash

HEPA Filters,
Exhaust Fan, and
Ducting

Removable
Tray
B

Remote
Blower

Supply Duct Work
and Blower

Bottom Duct
and Trays
C

Figure 1.1 Schematic of A. existing SL system, B. and C. proposed SL design
modification with the sterile build environment incorporated [Hernandez et al., 2006]
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It was proposed that the hinged door in the existing SLA 250 be replaced with the
vertical sash in the modified design. Air taken in from the blower and sash opening was
proposed to be vented out by a remote blower. The exhaust system was proposed to
be connected to the bottom duct with three removable trays perforated with different
size holes to successfully draw the air out from the SL system. The exhaust system
was proposed to be incorporated with the HEPA filter to avoid contaminants escaping to
the room environment. Also, a UV germicidal lamp with a 254 nm wavelength was
proposed to be installed in the SL system to ensure sterility levels.
In the proposal submitted to the National Science Foundation [Wicker, 2007], the
design to incorporate a SL system inside a BSC was presented. An existing Class II
BSC with vertical laminar flow (Delta Series, Labconco Corporation, Kansas City, MI)
was identified to accommodate the basic components of SL system as shown in Figure
1.2. It was proposed to retrofit two laser technologies (wavelengths of 325 nm and
354.7 nm) currently available in SL in a switchtable configuration inside the BSC.

325 and 354.7 nm
Lasers

Optics

6-ft Biosafety Cabinet

Movable Platform

Figure 1.2 Schematic of the retrofitted SL system in a biosafety cabinet [Wicker, 2007]
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1.3

LABORATORY INVOLVED: W.M. KECK CENTER FOR 3D
INNOVATION
The W. M. Keck Center for 3D Innovation at The University of Texas at El Paso

(UTEP) is home to state-of-the-art advanced manufacturing technology relevant to RP
and Biomedical Engineering.

Established as part of a grant from the W.M. Keck

Foundation, with the objective of developing novel manufacturing and research
technologies aimed at addressing biomedical engineering problems and strategies,
including flow visualization, virtual imaging and free-form fabrication, the laboratory
recently expanded to 6,100 sq-ft area to accommodate newer, more advanced rapid
prototyping technologies for highest quality research and development.
The laboratory is divided in two major groups: Biomedical Engineering and
Functional Manufacturing.

Biomedical Engineering group conducts research in the

following areas: biomedical imaging, modeling, and manufacturing to aid surgeons and
medical researchers, tissue engineering to create scaffolds for nerve regeneration, and
perform in-vitro cell studies, and cardiovascular hemodynamics to study the behavior of
blood stream at major vascular structures by means of particle image velocimetry (PIV)
measurements.

The Functional Manufacturing group is based in the Functional

Integrated Layered Manufacturing (FILM) concept which has developed several
advanced technologies such as a patented multi material SL system, a patent pending
SL system integrated with a 3-axis direct print fluid dispensing system for embedded 3D
functional electronic devices, micro-SL, ultrasonic consolidation, advanced materials,
and rapid tooling.
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This state-of-the-art facility contains 27 RP machines representing six leading
technologies, - the most of any university in the world. The six leading technologies
housed in the center are: Stereolithography (SL), Fused Deposition Modeling (FDM), 3D
Printing (3DP), Selective Laser Sintering (SLS), Electron Beam Melting (EBM), and
Multi-Jet Modeling (MJM).

Besides RP technologies, the Center also houses a

universal testing machine, different scanning systems for reverse engineering, analytical
instruments and equipment for in-vitro experimentations. The Keck Center conducts
high level research in diverse fields through the interdisciplinary collaborations with
Biological Sciences, the Electrical Engineering department, and William Beaumont
Army Medical Center among others.

1.4

PROJECT OBJECTIVES
The goal of this project was to design and develop a system to fabricate with SL

in an aseptic, particulate-free environment. There were three main objectives of this
project. First, to retrofit an existing 3D Systems® 250/30 SL system inside a laminar
flow hood to provide an aseptic building environment (including sizing and determining
the specifications of the laminar flow hood, identifying and disassembling the
components of the SL system to be retrofitted, disinfecting the retrofitted hardware, and
retrofitting of the SL components). Second, to demonstrate that the Bio-SL system
manufacturing capabilities were comparable to a regular SL system, and third to
demonstrate the sterility of the scaffolds fabricated in the Bio-SL system (including
conducting a sterility test on the scaffolds fabricated in the Bio-SL system to show that
retrofitting the SL system inside a laminar flow hood is effective in providing an aseptic,
particulate-free environment).
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1.5

THESIS OUTLINE
The subsequent chapters deal with the following topics. Chapter 2 reviews the

literature relevant to the present work including the stereolithography process, SL
applications in bioengineering field, types of laminar flow hoods, and concerns in
manufacturing sterile products.

Chapter 3 describes the experimental setup and

procedure which consists of retrofitting a SL system inside a laminar flow hood and
procedure to fabricate the scaffolds. Chapter 4 explains all the results obtained from
the different analyses, the measurements of fabricated conduits, and the sterility test
conducted on the conduits. Chapter 5 discusses the conclusions drawn from the results
and recommendations for the future work.
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CHAPTER 2
2.1

LITERATURE REVIEW

INTRODUCTION
The following sections provide the review of the literature relevant to the work

presented in this thesis.

The topics in this literature survey include the

stereolithography (SL) process, SL applications, theory of laminar flow hoods, and the
sterilization process. The first section on SL applications is compiled from references
such as SL books, and SLA 250 manual from 3D Systems®. If the reader is familiar
with these topics, the following sections can be skipped with no loss in continuity.
Recently, use of Layered Manufacturing (LM), a Rapid Prototyping (RP)
Technology, in the biomedical engineering area is increasing rapidly. One such use of
RP is in the fabrication of complex Tissue Engineered (TE) scaffolds [Cooke et al.,
2002]. SL is one of the RP processes that has been used for the fabrication of TE
scaffolds [Arcaute et al., 2005 a, b, and c, 2006a and b; Comeau et al., 2005; Cooke et
al., 2002; Dhariwala et al., 2004., Lee et al., 2007, Arcaute 2009 a, b]. SL uses a ultraviolet (UV) laser beam to create successive cross sections of a three-dimensional (3D)
object within a vat of liquid photopolymer. TE requires biocompatible materials and
some photocrosslinkable meeting these criteria are available for SL [Arcaute et al.,
2005c, 2006a; Cooke et al., 2002; Dhariwala et al., 2004].

2.1.1 The Stereolithography Process
Stereolithography is one of the most known and widely used RP technologies.
This 3D manufacturing process uses photopolymerization as the basis of its operation,
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by means of a laser beam that scans onto the surface of a reactive liquid or resin,
following the patterns imposed by cross-sectional views of the part or model to be
generated.

As the ultra-violet (UV) laser traces the layer in the polymer, the resin

begins to cure; thus, solidifying the part to be manufactured. The complex 3D shapes
are manufactured by curing one layer at a time and bonding successive layers on top of
the other while the build platform descends deeper into the liquid after each successive
layer. Figure 2.1 shows a schematic of the SL system with its components.
The process begins with the design of a computer-aided design (CAD) model of
the part to be reproduced in .STL format, which is then sliced in a number of equally
spaced layers, represented by horizontal cross-sectional planes of the part.

This

process transforms the original model into a succession of two-dimensional (2D) planes
that are sequentially drawn in the resin.

Sometimes the model to be produced is

composed of overhangs or cantilever-like elements, either at the first layer of the build
process or in the middle stages of layer construction. As a preventive measure, the
STL preparation software which produces the vector files for the SL system allows the
addition of support structures that prevent collapse of layers in the building process. A
disadvantage usually encountered in this process is the necessity of breaking off the
supports from the part, which affects the surface finish of the faces and elements that
these supports are connected. Moreover, it is the standard procedure to have support
structures for the part in order to keep the model from being built directly on the SL
platform and guarantee the proper removal of the model out of the machine.
After the layers are designed and converted to numerical control code, four
different files are created with extensions .v, .r, .l, .prm, which are transferred to the SL
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system. The system interprets the files and allows the laser to scan each layer on the
surface of the resin. Just before the build begins, the platform is moved to a point just
below the surface of the photoreactive liquid or resin. After the first layer is completed,
the platform moves inside the resin container (usually referred to as a vat) to allow a
separation of the surface level with respect to the drawn layer to a distance equal to the
layer separation initially defined, and the following layer is then scanned on the surface
of the resin. The process is continued until all the horizontal planes have been orderly
reproduced with the specified thickness.

When the build is complete, the platform

raises above the vat, draining the excess resin away from the part. The platform is then
removed from the machine in order to clean the part and post-process it for its final use.

1)
2)
3)
4)
5)

UV Laser
Acousto-optic shutter
Focusing system
Galvanometric mirrors
Elevator

6) Sweeper
7) Reactor with photomaterial
8) Computer

Figure 2.1 Stereolithography illustration [Dufaud et al., 2002]
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2.1.2 SL Applications
The main characteristic of SL technique, as well as of most commercially
available RP technologies, is the capacity of reproducing models and prototypes with
complex and intricate profiles, created either by design or reverse engineering. The
most important contribution of Rapid Prototyping to the manufacturing field is the
capacity of using visualization techniques and scanning systems to create a direct
relationship between CAD and Computer-Aided Manufacturing (CAM).

This is

accomplished by means of an additive process instead of a subtractive process, as is
usually the case with the classical techniques such as Computer Numerical Control
(CNC) milling and turning, among others.
The ability to build complex structures, which otherwise would not have been
possible with traditional techniques, has provided wider options for researchers,
scientists, and industries to explore unique manufacturing solutions.

“Biological

structures, mathematically inspired bodies, self-assembled components, among others,
are clear and tangible examples of the new field of possibilities that this technology has
both created and fulfilled” [Lozoya, 2005].
In recent years, RP technologies became important tools in the engineering field
in areas like design, analysis, manufacturing, and tooling. CAD model verification and
visualizing objects were the initial objectives and strengths of RP systems, which
enabled designers to present and evaluate the product before the production stage.
Prototypes are required for the evaluation of form and fit in automotive, aerospace and
consumer electronic product and appliances [Chua et al., 2003]. Experiments with 3D
physical models are frequently required to study product performance in air and liquid
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flow. Flow analyses are also useful for studying the inner sections of inlet manifolds,
exhaust pipes, replacement heart valves [Wang et al., 2000] or similar products that at
times can have rather complex internal geometries. Should it be required, optically clear
parts can also be produced using SL to aid visualization of internal flow dynamics
[Iyengar, 2005].
The influence of RP has been extended to the analysis of problems in a variety of
fields. One such field is biomedical engineering where there exists a huge opportunity
for RP to develop.

This opportunity has been identified by many research groups

worldwide [Lozoya, 2005]. The data or image acquisition processes like Computed
Tomography (CT) scan and Magnetic Resonance Imaging (MRI) in conjunction with SL
technology have assisted many health institutions around the globe to create surgical
planning models for a wide diversity of cases. For example, they can be used to find a
cost effective image–guided placement system providing precise and reproducible data
for use in medical procedures, such as surgical implantation, tumor detection, pedicle
screw insertion, and others [Wicker et al., 2002].

Tangible evidence exists of the

successful application of rapid prototyping technology for surgery planning and
rehearsal as shown in Figure 2.2. This photograph depicts the front of one of the
anatomical models produced of the conjoined twins’ bone and vascular anatomy. Using
the information from a CT scan, Medical Modeling created this SL anatomical model
showing all of the vascular structures of the brain in relation to the surrounding bone. A
window of removable bone was added in the front portion to allow the neurosurgeons to
fully visualize the vascular anatomy inside [Photo by Medical Modeling LLC, 2002].
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Figure 2.2 Clear view front SL anatomical model [Medical Modeling LLC., 2002]

The use of this manufacturing resource was considered and demonstrated in
veterinary interventions that extend beyond cranial deformations and into limb
deformities, to effectively optimize surgical interventions and expand the possibilities of
operation in cases that may have seemed useless if the visual aid provided by RP
technology was not readily available.

The capabilities of SL allow the creation of

physical models of otherwise irreproducible body organs for simulation purposes, as
well as relevant studies on disease characterization.

In past years, models of

cancellous bone have been created to study problems related to fracture risk,
osteoporosis, and similar conditions [Langton et al., 1997; Bibb and Sisias, 2002] as
shown in Figure 2.3.
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Figure 2.3 Human cancellous bone samples created by SL technology [Bibb and Sisias,
2002]

Tissue engineering is another field of influence for SL. This technology being
one of the simplest and most accurate available among all the existent RP technologies,
potentially allows for the accurate reproduction of small living systems models. The
capability of SL to recreate existing profiles based on image acquisition and CAD
processing allows for the proper supporting framework for implanted cells to inhabit and,
with the recent studies on biodegradable substances, it could be possible to regenerate
a nutritionally self-sustained guiding conduit for living cells implantation, reproduction
and, ultimately, tissue regeneration [Lozoya, 2005]. The most common substances
under study and with enormous possibilities to be used in the future is poly(ethylene
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glycol) (PEG), a photosensitive biomaterial which, under the influence of a coherent
laser source (like UV laser), solidify into a gelatinous substance sufficiently stiff to keep
a regular shape usually done in SL systems [Arcaute et al., 2005a, b, and c, 2006a and
b,] as shown in Figure 2.4.

Figure 2.4 Multi-lumen PEG based NGCs [Arcaute et al., 2008]

Another biomaterial that has been used in SL is a mixture of poly(propylene
fumarate) (PPF) and diethyl fumarate (DEF) [Choi et al., 2009, Cooke et al., 2002, Lee
et al., 2007]. Carbon-carbon double bonds present in the repeating unit of PPF and in
DEF make the mixture photocrosslinkable. Crosslinked PPF has been shown to be
biocompatible and bioresorbable and to elicit a bone healing response in cranial defects
(no/low load bearing bone defects) [Fisher et al., 2000].
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Mixtures of polyfunctional

methacrylic oligomers and hydroxyapatite have also been used in SL to create complex
porous scaffolds for bone regeneration [Popov et al., 2004]. Carbon-carbon double
bonds in the methacrylate group make the blend photocrosslinkable, and therefore
suitable for use in SL. Other biopolymers such as the natural polysaccharide hyaluronic
acid (HA) have been modified with photocrosslinkable groups [Leach et al., 2003,
Burdick et al., 2006, Masters et al., 2006] and thus may find potential use in SL as well.
The examples presented above, regarding the impact of SL in the biomedical
engineering field, portray a small fraction of the possibilities that SL provides for
biologically inspired manufacturing within the health sciences.

2.1.3 Concerns in Manufacturing Sterile Products
The NGCs manufactured using the Bio-SL system will be used for in-vivo
experiments. In order to provide an aseptic, particulate-free environment for conduit
fabrication with SL technology, it was proposed to retrofit a SLA 250 system inside a
laminar flow hood. Although there are not many specific examples of retrofitting SL
systems in laminar flow hoods, one such approach was used for manufacturing tissue
engineering scaffolds by ink-jet technology. The Desktop JetLab® system [Radulescu
et al., 2006] was attached to a tissue culture hood for sterile manufacturing as shown in
Figure 2.5.
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Figure 2.5 Desktop Jetlab® system attached to a tissue culture hood for sterile
manufacturing [Radulescu et al., 2006]

The prevention of microorganism contamination is the top priority when
manufacturing implantable material due to biocompatibility issues. A product becomes
contaminated when microorganisms enter or get incorporated into the product. People,
raw materials and components, equipments, and environment are the potential sources
of contaminants.
Strict guidelines exist to avoid contamination when working with a laminar flow
hood. The following paragraphs contain descriptions of sources of contaminants and
methods to control contamination. They were presented from EU guidelines to promote
good manufacturing practice, and provide good medicinal products for human and
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veterinary use, vol. 4, 2008. It is well known that a major source of contamination is
from people involved in the manufacturing process. Normal human skin is colonized
with bacteria, which can come into contact with the product and cause contamination.
Only the minimum number of personnel required should be present in the clean area.
This is particularly important during aseptic processing. All personnel involved should
receive regular training in disciplines relevant to good practices for the manufacture of
products within sterility assurance levels.

High standards of personal hygiene and

cleanliness are essential. The clothing and its quality should be appropriate for the
process and the grade of the working area. It should be worn in such a way as to
protect the product from contamination.
Raw materials represent another major source of contamination. Sterilization of
raw materials must be carefully carried out with standard procedures like filtering and
autoclaving.

The time between the start of the preparation of a solution and its

sterilization or filtration through a micro-organism-retaining filter should be minimized.
Equipment experiencing primary and incidental human contact can and will be a
source of microbial contaminants because of bacteria present on the human body. So,
sterilization of equipment must be carried out regularly.

Environmental conditions

including airborne organisms, general sanitation level of the facility and similar concerns
can have a real or presumed adverse effect on products manufactured in the area.
Higher levels of ambient contamination increase the chances of a contaminated
product.

Therefore, every reasonable effort should be made to minimize area

contamination and lessen the opportunity to expose the product to contamination.
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As mentioned before, an existing SL system was used for retrofitting inside a
laminar flow hood. Since, the components of the existing SL system were already
contaminated with epoxy resin from the regular use of the system, it was necessary to
clean them before retrofitting.
There

are

different

ways

to

sterilize

the

materials

and

components

[www.wikipedia.org] as follows:
Heat Sterilization – A widely used method for heat sterilization is the autoclave.
Autoclaves commonly use steam heated to 121 °C – 134 °C to sterilize the components.
The items to be sterilized, other than products in sealed containers, should be wrapped
in a material which allows removal of air and penetration of steam but which prevents
recontamination after sterilization. For effective sterilization, steam needs to penetrate
the autoclaved substances uniformly, so the autoclave must not be overcrowded.
Following sterilization, precautions should be taken against contamination of the
sterilized load during cooling. Chemical or biological indicators may be used to ensure
the autoclaving process was effective. Proper autoclave treatment will inactivate all
fungi, bacteria, viruses and also bacterial spores.
Chemical Sterilization – Ethylene oxide gas is commonly used to sterilize objects
sensitive to temperatures above 60 °C such as plastics, optics, and electrics. Ethylene
oxide can kill all known bacteria, viruses and fungi. Chlorine bleach is another accepted
liquid sterilizing agents. Bleach will kill many organisms immediately, but for complete
sterilization, it should be allowed to react for 20 minutes. Hydrogen peroxide is also a
chemical sterilizing agent. Hydrogen peroxide is strong oxidant and these oxidizing
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properties allow it to destroy a wide range of pathogens and it is used to sterilize heat or
temperature sensitive articles such as endoscopes.
Radiation Sterilization – Radiation sterilization is used mainly for the sterilization
of heat sensitive materials and products. Gamma rays are intensely penetrating due to
their short wavelength (less than 10 picometers) and higher frequencies (above 1019 Hz)
and are commonly used for sterilization of disposable medical equipment, such as
syringes, needles, cannulas and IV sets. High energy X-rays are a form of ionizing
energy that allows large packages and palate loads of medical devices to be irradiated.
Electron beam processing is also commonly used for medical device sterilization.
Sterile Filtration – Clear liquids that can be damaged by heat, radiation or
chemical sterilization can be sterilized by mechanical filtration.

This method is

commonly used for sensitive pharmaceuticals and protein solutions in biological
research. A filter with pore size 0.2 µm will effectively remove bacteria. For viruses, a
much smaller pore size around 20 nm is needed. To ensure the best results, sterile
filtration is performed in a room with high efficiency filtered air (HEPA) filtration or in a
laminar flow cabinet.
In order to provide a sterile environment, biosafety cabinets (BSC) and laminar
flow hoods are generally used in research laboratories. Three kinds of biological safety
cabinets [www.bakerco.com], designated as Class I, II, and III have been developed to
meet varying research and clinical needs. The Class I BSC provides personnel and
environmental protection but no product protection. It is similar in air movement to a
chemical fume hood, but has a HEPA filter in the exhaust system to protect the
environment. Class II biological safety cabinets are divided into four grades, A, B1, B2,
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and B3. All Class II biological safety cabinets provide personnel, environmental and
product protection. The Class II, Type A cabinet recirculates approximately 70 % of the
air through a supply filter, and exhausts approximately 30 % of the air through an
exhaust filter into the room.

The Type B1 cabinet meets the requirements of the

National Cancer Institute (NCI) specification for a general purpose clean air BSC. Class
II Type B2 biological safety cabinets are widely used in toxicology laboratories, hospital
pharmacies, and similar applications where chemical effluent is present and clean air is
essential. Class II Type B3 cabinet recirculates approximately 70 % of the air through a
supply filter, and exhausts approximately 30 % of the air through and exhaust filter. The
exhaust is directed to the outside through a facility exhaust system. Class III biological
safety cabinets are designed for use with biosafety level 4 microbiological agents and
provide maximum protection to the environment and the worker. Class II BSCs have
gas tight enclosures with a non-opening view window. Access for passage of materials
into the cabinet is through a dunk tank or double-door pass-through box that can be
decontaminated between uses.
Although Class II BSCs are well suited to protect personnel, product, and
environment, they have size limitations. However, the sterile environment can also be
provided by laminar flow hoods. The major advantage of working in a laminar flow hood
is that the environment is protected from dust and contamination by a constant, stable
flow of filtered air passing over the work surface. There are two main types of laminar
flow (as shown in Figure 2.6): horizontal, where the airflow blows from the side facing
the personnel, parallel to the work surface, and is not recirculated, and vertical, where
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the air blows down from the top of the hood onto the work surface and is drawn through
the work surface and either recirculated or vented.
As the flow direction in vertical laminar flow hood is vertical, it gives the benefit to
personnel and product protection. Additionally, the filtered air passes over the work
surface and is recirculated and vented through the exhaust which makes it environment
friendly.

The horizontal laminar flow hood is good mostly for product protection.

However, if other components in the BSC, such as the UV germicidal lamp over work
surface are attached to the laminar flow hood, it can also become a good option for the
use in cell culture research.
HEPA filter (exhaust)

HEPA Filter

HEPA filter (air supply)
Glass shield
Work
Surface
Intake

Prefilter
Work Surface

Horizontal

Vertical

Figure 2.6 Schematics of horizontal laminar flow (left) and vertical laminar flow (right)
Arrows indicate the air flow direction [www.wiley.com]

2.1.4 Sterility Test
“Although ‘sterility’ is an absolute term, the assurance that any given item is
sterile is a probability function, commonly expressed as a negative power to the base

23

ten” [Pharmaceutical Inspection convention, PI 012-3, 2007, 6.1, 6.2]. In practice, the
sterility assurance level would imply a “declaration about the degree of confidence one
may have that any particular item is free from viable microorganisms” [Mosley, 2008].
The sterility testing is necessary to determine if any fabricated product is free of
microorganisms in order to check the biocompatibility when that product was planned to
be used for in-vivo experiments. One of the methods to determine if the product is free
of microorganisms is to incubate the culture media along with the product and check for
any signs of microorganism growth.

If any type of contamination is present in the

product, the media will become turbid due to microorganism growth. If product is free of
microorganisms, the media solution should remain clear.
A growth medium or culture medium is a liquid or gel designed to support the
growth of microorganisms or cells. There are two major types [www.wikipedia.org] of
growth media: those used for cell culture, to grow specific cell types derived from plants
or animals, and microbiological culture, which are used for growing microorganisms,
such as bacteria or yeast. The most common growth media for microorganisms are
nutrient broths (liquid nutrient medium) and agar (solid medium) plates.
The classification of culture media [Brock Biology of Microorganisms, Madigan
and Martinko, 2006] is:
•

Based on chemical composition:
♦

Chemically defined media – It contains defined components and
can be reconstructed again in the same composition.
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♦

Non-chemically defined media – It contains plant and animal
tissues, and it has unknown composition, so it cannot be
reconstructed.

•

Based on texture:
♦

Liquid media – Lactose broth.

♦

Solid Media – Potato slices.

♦

Reversible to liquid – Contains agar or gelatin as solidifying agents.

♦

Semi solid media – Contains ¼ agar quantity of solid – reversible to
liquid.

•

Based on special purposes:
♦

Selective media – Used to isolate one specific species of
microorganisms

while

inhibiting

the

growth

of

the

other

microorganisms
♦

Differential media – The media is added with a natural or chemical
compound to differentiate the microbial groups which may be found
in the same culture.

♦

Enriched media – The media is added with blood serum or plant
tissues to enrich the growth of specific groups of microorganisms.

The detection of bacterial, fungal and yeast contamination can be carried out by
means of standard culture-based sterility testing [Cobo et al., 2007]. Sterility testing
typically requires an all purpose medium, such as tryptic soy agar (TSA) digested with
peptides, amino acids and carbohydrates, capable of supporting a broad range of
bacteria and fungi [Cleland et al., 2007]. Although TSA supports the growth of different

25

types of bacteria, it may be supplemented with serum for growth of many clinicallyrelevant bacteria as well. Thus, animal-based tryptic soy media has become a widely
accepted standard for many standard laboratory testing methods [Cleland et al., 2007].
The Bio-SL system presented in this research was used to fabricate NGCs,
which eventually will be used for in-vivo experiments. The conduits fabricated in this
research need to be sterile due to the biocompatibity concerns. The sterility testing was
carried out on the fabricated conduits to determine if the conduits were free of
microorganisms and the laminar flow hood, retrofitted with SL system for fabrication of
conduits, was able to provide an aseptic, particulate-free manufacturing environment.
The microbiological growth mediums were used to test the sterility of the fabricated
conduits.
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CHAPTER 3
3.1

EXPERIMENTAL SETUP AND PROCEDURE

DESIGN BACKGROUND
Previous retrofitting designs [Hernandez et al., 2006 and Wicker, 2007] were

taken into consideration and analyzed for feasibility.

After studying the Hernandez

design, it was noticed that a substantial amount of modification work, described in the
following, was required to implement the design.

The optics plate needed to be

machined in order to install the blower and HEPA filter on the top panel of the SLA 250.
The hinged door of the SLA 250 needed to be removed and replaced with the sliding
vertical sash. The exhaust duct with HEPA filter and remote blower needed to be
manufactured and installed on the machine in order to have efficient exhaust of the air.
The vat assembly needed to be completely removed and the removable trays needed to
be manufactured and installed. Hence, it was understood that it would not be possible
to complete all of the modification work, including installation, within the stated
timeframe in the National Science Foundation (NSF) proposal.
Also, a relatively large space (5’W x 5’D x 10’H) was required for the installation
of new components, especially the exhaust duct system. It was not feasible to reserve
a large amount of space for the modified design.

The manufacturing of conduits

required that all of the components inside the manufacturing environment to be sterile.
As the SLA 250 system was previously used with epoxy resin for an extended period of
6 yrs, it would have been cumbersome to dissemble and remove all of the components,
disinfect them and then reassemble. Also, the only sterile test that was carried out was
in the existing manufacturing environment without the filtered air. This test showed the
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contamination growth, but no further tests were carried out to determine if the proposed
design can provide an aseptic, particulate-free environment for conduit fabrication. Due
to all of these reasons, it was decided to create a new design altogether which would be
easy to build and would be less time consuming.

Hence, an alternative design of

retrofitting SL system inside an existing biosafety cabinet (BSC) was proposed in the
NSF proposal.
The design presented in the NSF proposal was studied for its feasibility. The
existing Class II BSC (Delta Series, Labconco Corporation, Kansas City, MI) had the
HEPA filtered vertical air flow through the blowers and HEPA filter was mounted on the
top panel of the cabinet. The BSC dimensions were 72” x 23.5” x 22” (WxDxH). The
ultra-violet (UV) germicidal lamp was located on the back panel of the work area. The
manufacturer recommends a sliding sash opening of nine inches from the bottom work
surface during BSC operation.
The feasibility analysis of the proposed design showed that the laser assembly
that was proposed for retrofitting inside the BSC could be mounted in its position in two
ways. The first position was located on the top of the HEPA filter outside the work area
and the second position was below the HEPA filter inside the work area. The mounting
of the laser assembly on top of the HEPA filter outside the work area would have
required the alteration of the HEPA filter to provide the optical window for the laser
beam to enter the work area. Alteration in the HEPA filter would have compromised the
HEPA filter integrity and also the air flow.

Also, the laser assembly would have

hindered the recirculation of the air as its position was located above the HEPA filter.
The other laser mounting position below the HEPA filter inside the work area, would
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have blocked the vertical laminar flow, compromising the constant filtered air over the
work surface. Also, the air from the exhaust fan used for the laser cooling would have
directly entered the work area, compromising the aseptic, particulate-free work
environment. To provide the space for the duct to carry the air through the exhaust fan
of the laser would have required drilling of the side panel of the cabinet and also
arrangements to hold the duct in place.
The conduits in the retrofitted SL system were proposed to be built in the mini-vat
assembly (explained later in section 3.2.3.2.1) on the build platform. The photopolymer
proposed to be used for conduit fabrication was liquid. The filtered air flow direction in
the cabinet was downward onto the work surface.

The liquid solution would have

created waves with some frequency due to the air-flow directly on the liquid surface.
Also, the elevator assembly in the proposed design required to be mounted on the back
panel of the cabinet to have easy access to the build platform from front side. As the
UV germicidal lamp was already mounted on the entire length of the back panel, it
would have needed to be removed and replaced on the front panel of the cabinet in
order to expose all the work surfaces to the UV. As there was no electrical outlet
provided on the front panel of the cabinet, additional work would have been required to
supply power to the UV lamp. The fabrication of conduits in the proposed research
included manual addition of the photopolymer solution into the mini-vat using a pipette.
As the manufacturer recommended sash opening height was only 9 inches, it would
have been extremely difficult to have the access to the mini-vat, with pipette in hand,
through the 9” sash opening.

29

The existing BSC identified for the retrofitting SL system was in use for other
tissue culture work. The work space that would have been occupied by the retrofitted
system was 24” in width and so some of the space for other tissue culture work would
have been sacrificed.

Also, the minimum work area with a width of 4 feet was

recommended [Freshney, Culture of Animal Cells, a manual of basic technique, 2000]
for one user and so multiple users would not have been possible if the retrofitted system
would have been installed in the BSC. The available work space height of 22” was far
smaller than the minimum required work space height of 33” to house the SL
components. Hence, sufficient space to incorporate the SL components was not
available inside the existing BSC.
Due to all these limitations, other design options were considered by our
research group to retrofit the SL system. The other commercially available Class II
BSCs were not considered due to the above mentioned reasons including dimensional
restrictions (see appendix A). One of the options was to purchase a customized Class
II BSC which would have a sufficient work area to accommodate the SL components
and other design changes which would make it possible to successfully install the SL
system. But, customized BSC design was not possible because of the vertical air flow
requirement of Class II BSC and expensive customization work. The idea of using a
clean room to place the existing SL system was one of the options, but this option was
not implemented due to the space constraints in the laboratory and cost involved in
providing a separate clean room. Hence, after several design reviews it was decided to
acquire a customized laminar flow hood which could house the SL components inside
the work area.
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3.2

RETROFIT DESIGN
The primary goal of the retrofit design was to be able to provide an aseptic,

particulate-free environment for the manufacturing of nerve guidance conduits (NGCs)
or other designs using SL technology. The accuracy and the ability to manufacture
complex 3D structures were the reasons for selecting SL technology for this research.
The existing SLA 250/30 system (3D Systems™, Valencia, CA) was used for retrofitting.
The SLA 250/30 system is shown in Figure 3.1.

Figure 3.1 Stereolithography system: Commercial SLA 250/30 (left) and building envelope
of the commercial SL apparatus (right)

The important components of the SLA 250 system are the elevator assembly,
laser assembly, beam profilers and control center as shown in Figure 3.2. The elevator
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assembly includes a build platform, secured on the z-stage, onto which the parts are
built. The laser assembly includes the laser source and optics which generates and
focuses the laser needed to cure the photopolymer liquid. The beam profilers guide the
laser beam to its absolute position and identify x-y coordinates for the build. The control
center controls the laser movement and z-traverse through the computer software and
hardware. These components are essential for SL technology to be operational. These
components are explained in detail in section 3.2.3.

Laser
Assembly

Elevator
Assembly

Beam
Profile

Control
Center

Figure 3.2 Major components to be retrofiited inside a hood
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3.2.1 Laminar Flow Hood Specifications
The following parameters were critical to determine the type and specifications of
the laminar flow hood.
•

Effect of air-flow direction on system’s structural integrity.

•

Dimensions of the components to be retrofitted.

•

Level of biosafety required for NGC fabrication.

As mentioned before, two types of laminar flow hoods, horizontal and vertical,
are commercially available. As blowers in vertical laminar flow hood are mounted on
top panel to give downward vertical airflow, it was very difficult to find enough space to
accommodate the laser assembly on the top panel of the hood. Also, using vertical
laminar flow hood for retrofitting SL system would have compromised the flow pattern of
the vertical laminar flow hood. In addition, the vertical air flow would have affected the
photopolymer solution contained in the vat as explained in the previous section. The
sliding sash in the vertical laminar flow hood would have made the access to the minivat assembly very difficult for the user.
Hence, it was decided to acquire a horizontal laminar flow hood in which the
blowers are generally mounted below the work area, leaving an ample space to install
the laser assembly on top panel of the hood. As the filtered air was blowing from the
back panel to the front, towards the user, air flow could not adversely affect the
photopolymer solution contained in the mini-vat assembly. It was required that the sash
of the horizontal flow hood to be completely open during operation so that the laminar
air flow would not be blocked. That also allows the users to have convenient access to
the mini-vat assembly while adding the solution during the fabrication of conduits.
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The dimensions of the key components such as elevator assembly and beam
profilers required a large area of 21” x 22” x 33” (WxDxH) inside the work area. There
were no standard horizontal laminar flow hoods commercially available in those sizes
(see appendix B).

Consequently, a customized horizontal laminar flow hood was

designed such that the flow pattern of the hood was not compromised and also to allow
the housing of the basic SL components inside the work area. A manufacturer (Gerbig
Engineering, Burnsville, MN) was identified which can manufacture the customized
hood according to the required dimensions and specifications. The biosafety features
were taken into consideration while designing the hood. Also, the level of biosafety
required for the aseptic, particulate-free manufacturing was achieved by introduction of
number of features mentioned in the following:
•

HEPA filters which assure 99.99 % filtration efficiency by capturing
particles of 0.3 µm or larger, which includes common types of bacteria and
viruses, were installed to achieve aseptic, particulate-free environment.

•

Front pre-filters were used to achieve even better filtration efficiency.

•

The UV blocking insert was used in the sliding sash to prevent visible
and/or invisible laser radiation.

•

UV germicidal lamp was used to disinfect all the exposed work surfaces
and contents.

Other specifications used for the horizontal laminar flow hood were:
•

72” inside width x 30” work depth x 33” work height was used to house the
SL system and still leave enough space for the tissue culture work.
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•

A negative pressure cabinet was used that can draw any filter seal bypass
air back to system for efficient air flow. Unique filter clamp design was
used which places even pressure on the filter to have increased filter life
and allows filter replacement from the front.

•

The lightweight anodized aluminum framework was used so that the hood
would be easy to move.

•

Two fluorescent bulbs were installed on top panel of the hood to properly
light the work area.

•

A stainless steel (SST) work surface, SST HEPA filter grill, and SST side
panels were used so that easy disinfecting with 70% alcohol can be done.

•

Three backward curved fans with adjustable speed control were used to
have varying air flow speeds for different conditions.

•

Adjustable leg levelers were used so that the hood height can be adjusted
for users with different heights.

•

Air flow monitor with large LED display with selectable alarms and alarm
acknowledge was used to maintain the laminar air flow.

•

As the dimensional and geometrical accuracy of the conduit could be
affected by the vibrations of blowers during manufacturing, vibration
dampening pad between the tabletop and the framework was used to
nullify the blower vibrations.

•

Differential pressure gauge was used to indicate filter loading so that the
timely replacement of the clogged filter can be performed.
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The laminar flow hood with HEPA filter, UV germicidal lamp, UV protective shield
in sliding sash, and pre-filters are shown in Figure 3.3.

UV
Germicidal
Lamp
Sliding
Sash

HEPA Filter

Pre-filters

Figure 3.3 Hood Components

3.2.2 Dimensional Measurements and Disassembling of Retrofit
Components
Before any of the components needed for retrofitting were removed from the SLA
250 system, all the relative measurements for the critical components were recorded.
The recorded measurements were used to determine the exact locations for the
installation of the retrofitted components relative to each other.

Following critical

measurements were recorded from the SLA 250 system:
•

Measurements for relative distances between optical window and z-stage.
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•

Measurements for relative distances between optical window and beam
profilers.

•

Measurements for relative distances between z-stage and beam profilers.

•

Measurements for relative distances between two beam profilers.

The alignment of components was critical in order to achieve the circular laser
beam shape and focus, and the dimensional and geometrical accuracy of the fabricated
conduit. The vertical (z) distance between optical window and z-stage was recorded. A
vertical (z) and two horizontal (x and y) distances between optical window and beam
profilers were recorded.

To ensure the proper placement of the beam profilers, x

distance between z-stage and beam profilers was also recorded. The x and y distances
between two beam profilers were also recorded.

The recorded measurements are

shown in Figure 3.4, Figure 3.5, and Figure 3.6.

Figure 3.4 Front view of SLA 250 showing distance between optical window and z-stage
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Figure 3.5 Front view of SLA 250 showing distances between optical window and
profilers and x distance between profilers
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Figure 3.6 Top view of SLA 250 showing distance between z-stage and beam profiler and
distance between two beam profilers

For beam profilers, the center distance between mounting holes on beam
profilers was recorded.

After all the critical dimensions were recorded, the wiring

harness was labeled before removal to ensure easy re-assembling of the wiring
harness. First, the vat assembly was removed from the SLA 250 system in order to
have convenient access to other components. Then, the beam profilers were removed
followed by the elevator assembly. The laser assembly was then removed from the
SLA 250 system. The control center components were then removed from the system.
Finally, all the wiring harness including the power supply panel was removed.
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3.2.3 Retrofitted Components and Installation Procedure
The retrofitted system was composed of the following major components from an
existing 3D Systems™ SLA 250/30 system.

A supporting framework (built from T

slotted aluminum extrusions) was used to hold elevator assembly and beam profilers in
place. The major retrofitted components were:
•

Laser assembly - An assembly of He-Cd laser source, set of three beam
turning mirrors, a beam expander, and two dynamic mirrors.

•

Z-stage with build platform - An assembly of stepper motor operated
vertical traverse called Z-stage and a perforated metal build platform to
hold the parts built by the SL process.

•

Beam profilers - An assembly of two beam profilers which guides the laser
to its absolute position.

Along with these major components which were retrofitted inside the laminar flow
hood, other important components were used from the existing SLA 250/30 to
completely assemble the SL system and for the system to be operational.

These

components were:
•

Control center – The control center of the SL system consists of the
computer monitor, processor, servo controller, vat controller, Z-stage
indexer, and a power supply as shown in Figure 3.7.

The computer

processor executes the build software program required to implement the
build process. The servo controller controls the movement of the two
dynamic mirrors (called as x and y) through two stepper motors. The vat
controller is the most important unit in the control center as it controls the
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majority of the components.

The vat controller provides power to the

computer, z-stage driver, recoater motor, laser shutter, and cabinet
harness.

Vat controller controls the functions of heater coil, beam

profilers, thermistors, and recoater limit switches. Z-stage indexer controls
the movement of z-stage.

The laser source was powered from the

separate laser power supply.

Computer Monitor

Laser Power
Supply

Computer
Processor

Keyboard

Z-stage Indexer

Vat Controller

Servo Controller

Power Supply

Figure 3.7 Control center for Bio-SL system
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All the components in the control center required a large space of 5’ x 2’ (WxH).
The components in the control center were mounted in a towered manner in the original
SL system to have a convenient access to all of the components from the back panel.
Consequently, to have easy access to all the components and to secure them inside a
closed cabinet and to protect them from dust, a suitable rack, which had enough space
to house all the components, was identified and purchased.

The positions of the

components on the rack were determined by considering the wiring lengths available for
each component.
•

Wiring harness – All the wiring harnesses were removed from the system
and installed with the retrofitted system. All the wiring harnesses were
labeled before removing them from the machine which made the
reinstallation easy and proper. A 1” diameter hole was drilled, with the
help of a hole saw, through the side panel of the hood to allow wiring from
the control center to connect to the Z-stage motor and beam profilers.

3.2.3.1 Supporting Framework
One of the most important components in the SL system is the elevator assembly
as it holds the part during fabrication. The elevator assembly was mounted inside the
hood with the help of supporting framework (see Figure 3.8). The supporting framework
was made from 1.5” x 1.5” T-slotted 6105-T5 aluminum extrusions [Product #
47065T123, McMaster-Carr]. T-slotted aluminum extrusions are widely used for the
construction of basic framing structures as they are lightweight (1.5” x 1.5” thick 6105T5 aluminum extrusion weighs ~0.11 lbs/in), strong, and easy to machine and
assemble. These extrusions provide easy linear adjustments in x, y, and z axis and
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they are also aesthetically clean with a pleasing appearence.

All the supporting

framework structure was bolted together using fasteners made from zinc-plated steel.

Connectors

Support
Brackets

Figure 3.8 Supporting framework assembly (left) and T-slotted 6105-T5 aluminum
extrusion (right)

First, the extrusion bars were machined to the required length (see appendix E)
so as to contain the retrofitted components. The top and the bottom extrusion bars
were bolted to the hood on the bottom stainless steel work surface and also on the top
framing structure. All the other extrusion bars were bolted together, outside the hood,
with L-shaped connectors except the extrusion bars which hold the elevator assembly.
The support brackets were used to provide additional support to the structure. This
structure was mounted on the already installed bars and bolted together with the help of
connectors. Finally, the two bars which hold the elevator assembly were mounted.
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3.2.3.2 Elevator Assembly
The elevator assembly consists of the following components: a stepper motor, a
lead screw, an elevator holding plate, an elevator, the build platform, and a vat as
shown in Figure 3.10. The stepper motor is connected to the lead screw which allows
bi-directional vertical movement of the elevator. The lead screw was connected to the
elevator holding plate through the intermediate block. The elevator was bolted to the Zstage with the help of the elevator holding plate through fasteners. The parts were built
on a perforated platform with the size of 10” x 10” referred to as the build platform, as
shown in Figure 3.9. The build platform was secured on the elevator with the help of
two sliding latches. Typically, the build platform descends into the resin contained in the
vat after each layer is built. However, for this particular research the original vat from
SLA 250 was not used for two reasons.

First, the vat in the existing system was

contaminated with the resin which was not desired for the Bio-SL system and the
second reason, was that the size of the vat (> than 10” x 10” x 10”) was not required for
the relatively small parts (< than 1” x 1” x 1”) planned to fabricate using this system.
Therefore, a custom made mini-vat assembly was used which is discussed in the next
section.

All the components from the elevator assembly were used as originally

intended in the SLA 250/30 system without any modifications.

Figure 3.9 Build platform
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Figure 3.10 Elevator assembly

3.2.3.2.1

MINI-VAT ASSEMBLY

The mini-vat assembly consists of a fixture and a mini-vat as shown in Figure
3.11. To ensure the specific x-y orientation, a keyway design was incorporated in the
fixture. The fixture was affixed to the original build platform with the help of glue. The
mini-vat consisted of a base and a cylinder. The x-y registration of the scaffold during
fabrication was maintained by the similar keyway feature designed on the base. An Oring was placed on the cylinder to seal the base-cylinder assembly for a water-tight
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closure and also to provide a press fit between base and cylinder. The longer scaffolds
can be manufactured by interchanging the cylinder (from small to large) to hold more
photopolymer solution. The mini-vat assembly was described in detail by [Arcaute et
al., 2008].

Cylinder
Self-aligning
Mini-vat Setup

O-ring
Base

Keyed Fixture

Elevator Platform

Figure 3.11 Schematic of the self-aligning mini-vat setup

3.2.3.3 Laser Assembly
The laser assembly in the SL system was composed of a laser source and
optics.

The description of laser assembly and beam profilers presented here were

referenced from the SLA 250 user guide [3D Systems®, 1994]. The SL system uses a
helium-cadmium (HeCd), continuous, multi mode UV laser with a wavelength of 325
nm. The HeCd laser is a metal-vapor laser in which the active medium is made up of a
solid cadmium slug that is heated to vapor form, and mixed with helium gas. The HeCd
laser is a single tube designed with the helium tube wrapped around the discharge tube.
The optics in the SL system are composed of a shutter assembly, three beam-turning
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mirrors, a beam expander, and X-Y dynamic mirrors mounted on optics plate above the
work area (see Figure 3.12). A 4” diameter precision optical window isolates optical
components from the chamber environment, while allowing the laser beam to enter the
process chamber.
A solenoid-actuated shutter operates to block the laser beam when an interlock
switch is activated, or when directed to open or close by the controller. The three
beam-turning mirrors used to direct the beam are coated for high reflectivity at 325 nm.
The first two turning mirrors reflect the beam from the laser to the inlet aperture of the
beam expander. The third mirror reflects the laser beam from the outlet beam expander
aperture to the dynamic mirrors. The beam expander expands the diverging laser beam
to four times its diameter, and then focuses it so that the beam converges to a small
spot on the surface of the platform. The high speed dynamic mirrors deflect the laser
beam, under computer control, to trace cross sections by moving incremental distances
(vectors) on the surface of the resin.
All of the components mentioned before were secured to the optics plate with
screws. The optics plate was bolted down on the top panel of the hood using bolts.
The optics plate was positioned in such a way that the center of the optical window
below the dynamic mirrors was coincident with the center of the build platform inside the
work area. For that, first, the elevator assembly was installed inside the laminar flow
hood. Then, a laser pointer was placed on the build platform pointing upwards. The
laser point was marked and used as a center of the optical window.

The optical

window, as shown in Figure 3.13, was drilled with the help of a 4.5” hole saw at the
marked position in order to allow the laser to enter the work area.
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Figure 3.12 Laser assembly

Optical
Window

Figure 3.13 Optical window
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3.2.3.4 Beam Profilers
Other important components in retrofitting the SL system are beam profilers.
Two beam profilers, consisting of UV sensitive detectors, were mounted in the work
area diagonally opposite on both sides of the build platform.

The beam profilers

measure the laser beam profile and power that are used in monitoring the movement of
the dynamic mirrors mounted in the laser assembly. The locations of the beam profilers
relative to the center of optical window (see Figures 3.5 and 3.6) were measured from
the original equipment and two T-slotted extrusion bars were used to mount them as
shown in Figure 3.14.

Figure 3.10 Beam profilers

Beam Profiler 2

Beam Profiler 1

Figure 3.14 Beam profilers
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3.2.4 Disinfection of Retrofit Components
According to the Center for Disease Control and Prevention, “Sterilization means
the use of a physical or chemical procedure to destroy all microbial life, including highly
resistant bacterial endospores” [www.cdc.gov].

Although the chemical or physical

process used to destroy all pathogenic microorganisms including spores is not absolute,
when all parameters of the sterilization process have been met, instruments, supplies,
and equipment are thought to be sterile [Patel, 2003]. In this study, the retrofitted
components will be used to manufacture NGCs that will eventually be implanted in
human being. Therefore, the disinfection of all the retrofitted components inside the
work area is mandatory. The following method was used to disinfect the retrofitted
components except beam profilers:
•

Chlorine spraying and wiping

•

Immersing in 70 % ethanol for 30 min

•

Drying under UV light for 4 hrs

The beam profilers were disinfected by spraying 70 % ethanol on tissue paper
and then wiping the beam profilers with the soaked tissue. The 70 % ethanol will kill
many microorganisms but not all [www.wikipedia.org].

3.2.5 Laser Beam Calibration
The laser beam was projected on the laser paper in order to determine the beam
shape and diameter at different platform levels. The shape and diameter of the laser
beam is important in order to manufacture the scaffolds with designed dimensions. The
laser beam shape and diameter changes at different levels of the platform due to the
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focusing of the beam by optics system. As the primary goal of this study was to show
that the Bio-SL system can fabricate equivalently with the original SL system, the laser
beam calibration was carried out on both the systems. The build platform was set at
seven different levels. The first level was same as the build start position and called the
absolute or zero position.

Three levels were set at 0.25”, 0.5”, and 1” above the

absolute position. Similarly, three other levels were set at 0.25”, 0.5”, and 1” below the
absolute position.

These levels were selected arbitrarily in order to determine the

changes in laser dimension and shape over the range of 2” in the increment of 0.25”,
0.5”, and 1”on both sides of the absolute position.
First, the build platform was set at the absolute position and the laser paper
(ZAP-48, Zap-it® Laser Alignment Products, Kentek Corporation, Pittsfield, NH) was
placed at the center of the platform as shown in Figure 3.15. The laser beam was
allowed to burn the laser paper for 10 seconds. The previous study [Arcaute et al.,
2008] has shown that the laser paper exposed to the laser beam for 10 seconds can
itch the laser paper which can be measured with the level of confidence. The process
of projecting laser beam was repeated five times for each build platform level. The
ASTM standards recommend the use of five sets to have a good statistical analysis of
the data. This procedure was repeated for all the remaining six platform positions with
five traces on each laser paper as shown in Figure 3.16.
The dimensions of the laser beam projected on the laser paper were measured
with a Smartscope Flash 250 (Optical Gauging Products, Inc., Rochester, NY) with XYZ
scale resolution of 0.5 µm, XY area accuracy of E2 = (2.5 + 5L/1000) µm, and Z area
accuracy of E1 = (3 + 5L/1000) µm, where E1 is the linear accuracy in a particular axis-
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X, Y, or Z, E2 is the accuracy within a plane, typically the XY plane, and L is the length
of travel over which the accuracy specification is desired, in millimeters [Optical
Gauging Products, Inc., Rochester, NY, 1995 - 2009].

Figure 3.15 Laser paper on build platform for laser projection

Projected
Laser Beam

Figure 3.16 Projected laser beam on laser paper
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3.3

FABRICATION IN RETROFITTED SYSTEM
The aim of this thesis was to provide an aseptic, particulate-free manufacturing

setup for the fabrication of NGCs using stereolithography (SL). The initial portion of this
experiment was aimed at comparing the conduits fabricated from an original SLA 250
system to the conduits fabricated in Bio-SL system. The reason behind the comparison
study was to show that the manufacturability of the SL system was not affected by
retrofitting it inside the laminar flow hood. The entire process of the NGC fabrication
was already established [Arcaute et al., 2008] and it was used for this study. The later
portion of this experiment was to determine the capability of the laminar flow hood in
providing aseptic, particulate-free manufacturing environment by conducting a sterility
test of the fabricated conduits.

3.3.1 Computer Aided Design (CAD) Model and Fabrication Materials
An NGC design (as shown in Figure 3.17) with the following dimensions: 2.94mm
OD, 1.72mm ID, and seven 400µm diameter lumens contained within the ID in the
middle portion was fabricated in a layer by layer fashion using SL. Photocrosslinkable,
commercially available poly(ethylene glycol) diamethacrylate (PEG-dma, MW 1000,
Laysan Bio Inc., Arab, AL) was dissolved in de-ionized water at 30 wt %.

The

cytocompatible photoinitiator Irgacure 2959 (I-2959, Ciba Speciality Chemicals Corp.,
Tarrytown, NY) was added to the photopolymer solution at a concentration of 0.5 wt %.
The container with the PEG solution was properly sealed and placed in a shaker for 30
minutes to dissolve the PEG.

After the PEG and photoinitiator was completely

dissolved, the container was stored at room temperature.
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2.94mm

1.72mm

0.40mm

Figure 3.17 NGC CAD drawing [Arcaute, 2008]

The original vat from the SL system was removed during the retrofitting process
and a self-aligning mini-vat setup was used to contain the photopolymer solution. The
elevator platform, originally used to support a part during its fabrication, was used to
hold the mini-vat. The mini-vat setup was secured at the center of the build platform
with an adhesive. The level of the platform was set at a distance (determined by laser
beam calibration) where the laser beam was circular with a diameter of ~0.01 in.

Figure 3.18 Building envelop in the modified setup (insert shows the assembly of the
self-aligning mini-vat setup)
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3.3.2 Conduit Fabrication Procedure
Semi-automatic fabrication of a PEG-based complex structure was achieved
using the following procedure. All the parameters and variables used in this study were
already established and used for the similar study described in [Arcaute et al., 2008].
The first step in the fabrication process was to create the three-dimensional (3D) model
of the scaffold. Any computer-aided design (CAD) software can be used to design the
3D parts to be fabricated in SL. The CAD design must be in .STL format in order to be
used with the pre-processing software 3DLightyearTM (3D Systems®, Valencia, CA).
3DLightyearTM generates two-dimensional (2D) slices of the 3D part, creating vector file
necessary to build the part. Once the part was sliced, the build files were transferred to
the SL system and opened in SLA 250 control software.
As the primary aim of this part of the study was to compare the scaffolds
fabricated from original SLA 250 system and Bio-SL system, it was decided to build 10
samples each in both the systems in a randomized manner. Also, only six layers of the
scaffolds were built to acquire the measurements.

The CAD design of scaffolds

includes a capped end for suturing purposes. However, during the actual build, only
selected layers with one capped end were built in order to obtain different
measurements from both ends. The inner diameter (ID) and outer diameter (OD) from
the capped portion (top) were measured, and the OD and center lumen diameter (LD)
from the multi-lumen portion (bottom) were measured. The first four layers of the multilumen portion and the top two layers of the cap portion without lumens were built using
the following procedure.
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First, the computer system and laser were turned on 15 min. before the
fabrication in order to attain the complete energy level of the laser which was about 19
mW, measured from the computer software. During fabrication, the laser speeds and
corresponding laser power were recorded for each layer to determine the laser power
fluctuations during build.
To start the fabrication for the first layer, 350 µL of photopolymer solution,
optimized for the proper attachment of the scaffold to the container surface, was added
to the flat-bottomed container with the help of a micro pipette (Eppendorf, Germany).
The laser speed was set at ~1 in/s to build a scaffold with the desired features (open
lumens) as described by [Arcaute et al., 2008].

Then the software program was

executed to allow the laser to cure the solution for first layer. The program was paused
and then 240 µL of solution was added to the container and the program was executed
again to cure the next layer. The process was repeated until all the six layers were
cured. For the last four layers, a quantity of 240 µL of solution was used. The container
was then removed from the setup and the uncured solution was removed with a pipette
and placed in the solution container to be reused. The container with the conduit was
flushed with plentiful amounts of deionized water to rinse any uncured solution attached
to the conduit. The conduit was then lifted off the container with the help of a spatula
and transferred onto a tissue paper in order to absorb excess water in the conduit and
then transferred to a glass slide immediately to prevent the scaffold from dehydrating.
Dimensional measurements were then recorded for the conduit.
The same procedure was followed for all of the remaining samples. Approximate
time required for each sample was ~7 minutes. A total of 20 scaffolds, 10 of each in
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SLA 250 and Bio-SL system, were fabricated for the comparison purposes and five
more samples were fabricated in the Bio-SL system with the same procedure except
that the hood blower was turned on while fabricating the scaffolds. These new samples
(built in Bio-SL system with the blower on) were fabricated and compared with samples
built in original SLA 250 system and Bio-SL system to observe the effect of vibrations
from the blower to the build platform and effect of air flow on the scaffold fabrication.

3.3.3 Imaging
Immediately

after

fabrication,

the

conduits

were

imaged

using

a

stereomicroscope (Leica MZ 16, Leica Microsystems, Germany) equipped with a CCD
camera (Retiga-2000R FAST1394, QImaging®, Canada) in order to measure the
conduit dimensions. Digital images from top and bottom of the conduits were acquired.
OD and ID dimensions from the top view of the samples were determined from images
taken at 20x magnification, while OD and LD dimensions from the bottom view of the
samples were determined from images taken at 32x and 115x magnification,
respectively.

3.4

STERILE FABRICATION
The aim for this part of the study was to fabricate the scaffolds in an aseptic,

particulate-free environment and to show that the retrofitted system was efficient in
providing an aseptic, particulate-free manufacturing environment.

The standard

protocol to work with a laminar flow hood [Freshney, Culture of Animal Cells, a manual
of basic technique, 2000] (see appendix C) was followed during the scaffold fabrication.
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3.4.1 Preparation
First, the UV light inside the hood was turned on eight hours prior to the
fabrication to expose the work surfaces and kill the microorganisms.

Just prior to

starting the work, the UV light was turned off and the fluorescent light and blower were
turned on. Then the hood sash was raised completely and the hood was allowed to
operate unobstructed for five minutes. The entire work surfaces were wiped with tissue
sprayed with 70 % ethanol. All the sterilized material such as the mini-vat assembly,
pipette, tips, and containers were loaded and opened inside the hood. Sterile culture
tubes filled with autoclaved phosphate buffered serum (PBS) and sealed in a sterile
environment were loaded in the hood to contain the fabricated conduits. The culture
tubes and tube holder were sprayed with 70 % ethanol and wiped with tissue before
placing them inside the hood. All the materials were kept at the center of the hood depth
to avoid incidental contact with the items. The following materials or apparatus and
their sanitization methods were used in the entire process:
•

Mini-vat assembly, petri dish, pipette, parafilm, tube holder – sprayed with
70 % ethanol and wiped with dry tissue

•

Pipette tips, liquids (phosphate buffered saline, water), containers, spatula
– autoclaved

•

Solution (PEG) – filter sterilized

•

Gloves – sprayed with 70 % ethanol
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3.4.2 Manufacture
The conduits for sterility test were fabricated by two operators, one working
inside the hood and the other operating the control system, using the following
procedure. Both operators were using nitrile powder-free gloves, lab coats, and UVprotective goggles. First, the operator’s hands (with gloves) were sprayed with 70 %
ethanol and entered inside the hood. For the entire process of scaffold manufacturing,
the operator’s hands were not moved outside the hood. The mini-vat assembly was
cleaned with tissue soaked with 70 % ethanol and placed at the center of the build
platform. For the first layer, 350 µL of the solution was added to the mini-vat with the
micro pipette. The control software was being operated by a second person located
outside the hood.

After the first layer of the scaffold was cured by the laser, the

program was paused and 240 µL of photopolymer solution was added to the mini-vat
while keeping the hands inside the hood. The process was repeated for all of the six
layers of the scaffold. After the build was complete, the mini-vat was lifted off the
platform and the scaffold was lifted off the mini-vat with the help of spatula and directly
put in the PBS contained in the culture tubes to rinse away any uncured photopolymer
solution in the scaffold. The culture tubes were then sealed with parafilm immediately
and stored in the tube holder.

The uncured solution from the mini-vat was then

removed with the micro-pipette and restored in the container. The mini-vat was placed
on the build platform and the same procedure was repeated to build all of the remaining
samples. A total of 10 scaffold samples were built, 5 each for the two types of media
used for the sterility test.
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3.4.3 Sterility Test
All procedures for the sterility test were performed inside a biosafety cabinet
(Delta Series, Labconco Corporation, Kansas City, MI) unless otherwise noted. All the
instruments such as the pipette, PBS bottle, tube holder, and parafilm were sprayed
with 70 % ethanol and then placed inside the hood.

After the scaffolds were

manufactured, they were immediately immersed in the PBS solution to remove any
uncured photopolymer solution. After all the tubes were placed on the tube holder, the
tube holder was removed from the hood and placed on the clean table at room
temperature. After 6 hrs, the PBS solution was removed using a vacuum and new PBS
solution was added to the tubes using a sterile pipette to remove any unreacted
photopolymer solution. After changing the solution, the tubes were sealed with parafilm
and then moved back to the clean table. After 18 hrs, the culture tubes were transferred
to the hood and the PBS solution was removed from the tubes using the same
procedure mentioned above. The scaffolds were also removed from the tubes and
placed in the sterile 6 well-plates. The culture media, stored in sterile bottle, was then
added to the wells with the help of the pipette. The covered 6 well-plates with media
and scaffolds were placed inside an incubator at 37 °C, 5.0 % CO2, and relative
humidity of 90 %.
The types of culture media used for the tests were general purpose medium,
dulbecco’s modified eagle’s medium (DMEM) supplemented with 10 % fetal bovine
serum (FBS), and tryptic soy broth (TSB). The DMEM and TSB media was selected
arbitrarily as they were considered as the general purpose culture medias which
supports the growth of most types of microorganisms [Cleland et al., 2007]. The DMEM

60

media was purchased in sterile form from Sigma-Aldrich® and was supplemented with
serum to facilitate microorganism growth.

The TSB media was provided by the

Biological Sciences Department at UTEP and it was prepared in house using 6 gms of
TSB added with 200 ml of de-ionized water. The mixture was stirred on the hot plate to
ensure that TSB powder is completely dissolved in the water. The TSB solution was
autoclaved and then filter sterilized before using it for the sterility test.
A total of 10 scaffolds, 1 each in a well, were placed in these two types of media
individually and the media was visually observed every day for any possible
microorganism growth. The media were visually inspected for a week to observe if
there was any turbidity or suspension developed. In order to determine that the media
itself was free of contamination, the two mediums (placed in the wells separately) were
also monitored along with the media with scaffolds.
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CHAPTER 4
4.1

RESULTS AND DISCUSSION

RETROFITTED SYSTEM ANALYSIS
The laminar flow hood with all the retrofitted components is shown in Figure 4.1.

After all the components were retrofitted inside the hood, two different analyses,
including laser beam calibration and hood certification, were conducted to check the
integrity of the Bio-SL system.

Figure 4.1 Laminar flow hood with Bio-SL system

4.1.1 Laser Beam Calibration
The beam diameter comparison was carried out for the original SLA 250 and for
the Bio-SL system to determine the elevator position where the laser beam had the
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circular shape and diameter of ~0.01 in. Figure 4.2 shows the beam diameter projection
on the laser paper at absolute position for the SL system.

0.01”

Figure 4.2 Laser beam projection on laser paper in SL system

As mentioned before, five projections for each elevator position at seven different
elevator levels in both the systems were recorded.

The seven different elevator

positions (absolute position, 1” below absolute, 0.5” below absolute, 0.25” below
absolute, 0.25” above absolute, 0.5” above absolute, 1” above absolute) were used to
determine at which elevator position the laser beam diameter and shape were close to
the standards given in the SLA 250 specifications sheet. The standard for laser beam
at absolute position in SLA 250 system is a circle with 0.008” - 0.011” diameter [3D
Systems®, 1999]. The projection shape on laser paper was not a circle but an ellipse.
Therefore, two different beam diameters, small and large, were measured for each of
the projection. The arithmetic mean of the 5 measurements for beam diameter (small
and large) for each elevator position was used for the comparison studies. Figure 4.3
shows the graphical comparison for average value of differences of large and small
laser beam diameter at different elevator positions for original SLA 250 and Bio-SL
system.
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Figure 4.3 Average value of differences for large and small beam diameters for SLA 250
and Bio-SL system at different elevator positions (error bars represent +/- standard
deviation, sample size=5)

The laser beam shape was not circular due to improper beam focusing,
misalignment of optics, unclean optics, and possibly the laser source itself. The optics
was cleaned and optics alignment and beam focusing was manually performed to
achieve the circular laser beam. As the beam focusing was performed manually, it was
very difficult to obtain a laser beam with circular shape and 0.01” diameter.

The

average value of differences between the large and small diameters was largest for the
elevator position at 1” below and 1” above the absolute position. The average value of
differences between large and small beam diameters get smaller as the elevator
position is closer to the absolute position in both the systems. The average value of
differences of the large and small beam diameter at 0.25” above absolute position was
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0.0009” and was comparable in both the systems. Consequently, this elevator position
(0.25” above absolute position), which yielded the average value of differences of large
and small diameter of 0.0009” with less standard deviation of 7.7E-05, was considered
good to achieve the designed dimensional and geometrical value of scaffold.

The

scaffolds were fabricated using mini-vat assembly. The distance between the actual
build surface on mini-vat and the build platform is ~0.25”. As a result, to compensate for
the min-vat height of 0.25”, the absolute build position was selected to fabricate the
scaffolds. The standard deviation for the Bio-SL system was more than the SLA 250
due to the fluctuation in the laser energy (see appendix D) during laser projection
process.

Figure 4.4 shows large and small beam diameters for Bio-SL system at

different elevator positions.

Figure 4.4 Laser beam spot size (average value) at different elevator positions with
polynomial trend line (error bars represent +/- standard deviation, sample size=5)
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The laser beam diameter is highest (0.011”) at 1” below the absolute position. At
0.25” above the absolute position, the beam diameter was lowest (0.0103”) and close to
0.01”. At 1” above absolute and 1” below the absolute position, beam diameter shows
1.01% and 1.15% increase in the dimension as compared to the 0.25” above absolute
position, respectively. The beam diameter is comparable at absolute position to 0.25”,
0.5” and 1” above the absolute position. The polynomial trend line is close to 0.01”
value at 0.25” above absolute position, which is the standard laser beam diameter for
SLA 250. Also, the ratio of average value of large beam diameters to the average value
of small beam diameter was calculated for each of the elevator position. The ratio
closest to 1 was considered to have good projection circularity. The highest ratios were
1.11 for 1” above or below the absolute position. The lowest ratio was 1.07 for 0.5”
above the absolute position. Other ratios were close to the value of 1.09, which are
comparable to the lowest value of 1.07. As the projection size was closest to 0.01” at
0.25” above elevator position, this elevator position was selected to build the scaffolds
to achieve the designed dimension and geometry. The energy imparted by the laser on
the original SLA 250 was larger than the Bio-SL system, as can be seen from the
difference in the diameter values as seen in Figure 4.4.

4.1.2 Certification
The basic purpose for using the laminar flow hood was to provide an aseptic,
particulate-free environment for scaffold fabrication. In order to meet the regulatory
standards when working with tissue culture work, the laminar flow hood was inspected
for the certification purpose. The environmental health and safety department at The
University of Texas at El Paso contracted certification company (ProTech Services,
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Albuquerque, NM) conducted the certification work for the hood. The equipment used
to certify the hood was micro manometer, particle generator, and smoke to check the
integrity of the various components of the hood. The micro manometer was used to
measure the pressure inside the laminar flow hood. The particle generator was used to
check the integrity of the HEPA filter.

The particles generated with the particle

generator were passed through the air intake system of the hood and checked with the
particle detector at the work surface after filtered by the HEPA filter. The smoke was
used to visually determine the laminar flow of the air. The air-flow speed and pressure
and laminar flow were up to the regulatory standards and passed the tests. While
checking the integrity of the HEPA filter, a small section (5” x 3”) at the bottom of HEPA
filter showed a leak. Hence, the certification for the hood could not be obtained.

4.1.3 Other Design Issues
The following design issues were noticed during the fabrication of conduits using
Bio-SL system.
The laminar flow hood sash is important aspect of the safety requirements for the
laminar flow hoods. As there was no interlock switch used for the blower fan and sash,
the blower had to be turned on manually before opening the sash. The interlock switch
automates the operation of blowers as soon as the sash is opened above the pre-set
level in order to maintain the laminar flow.
The ultra-violet (UV) germicidal lamp is located inside the work area on the top
panel so that all the work surfaces can be exposed to the UV light to kill any
microorganisms present on the work surfaces. The switch to turn the UV light on is also
located inside the work area, which makes it cumbersome to operate as operator has to
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move his hands inside the work area to reach to the switch. The location of the UV light
switch should be located outside the work area to have easy access.

4.2

FABRICATION ANALYSIS
The conduits were fabricated in the SL systems using the procedure described in

the previous chapter. The conduits were fabricated to conduct three analyses, first to
evaluate the manufacturability of the Bio-SL system as compared to the original SLA
250, second to determine if manufacturing the scaffolds with blower on has any effect
on the dimensional and geometrical accuracy of the conduit, and third to determine if
the hood provides the aseptic, particulate-free environment for the fabrication of the
conduits.

Immediately after fabrication, the conduits were imaged using a

stereomicroscope equipped with a CCD camera in order to visualize the conduit and its
dimensions. Figure 4.5 shows the visual comparison between the scaffolds built using
original SLA 250, Bio-SL system, and operating Bio-SL system. The figure shows the
top, bottom, and side view of the conduits at 20x, 32x and 115x, 20x magnification,
respectively. It can be seen that the conduits were visually comparable.
The mean and standard deviations for all the data were calculated. Data were
compared using two-tailed, unpaired, t-tests. P-values less than 0.05 were considered
to be significant. Table 4.1 shows the comparison for the P-values for OD cap portion,
OD multi-lumen portion, ID cap portion, and LD for SLA 250, Bio-SL system and
operating Bio-SL system. P-values for the conduits fabricated in all the systems had
insignificant values as seen in the table except for LD (SLA 250 vs. Bio-SL). The Pvalue of 0.005 for LD was due to the fluctuations of laser power and velocities (see
appendix D) during scaffold fabrication and material response to the laser curing. Table
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4.2 shows the comparison for the mean values for OD cap portion, OD multi-lumen
portion, ID cap portion, and LD for SLA 250, Bio-SL system and operating Bio-SL
system. The statistical analysis showed that the mean values for all the samples were
insignificant and the data obtained was comparable.
SLA 250

Bio-SL system

Operating Bio-SL system

Figure 4.5 Fabricated conduits. Row A. Bottom view at 32x, Row B. Top view at 20x, Row
C. Bottom view at 115x, Row D. Side view at 20x

69

Table 4.1 P-value comparison for OD (multi lumen portion), OD (cap portion), ID (cap
portion), and LD for SLA 250, Bio-SL, and operating Bio-SL system
Dimension

System

P-values

OD (multi lumen portion)

SLA 250 vs. Bio-SL

0.072686478

SLA 250 vs. operating Bio-SL

0.552137571

SLA 250 vs. Bio-SL

0.480613066

SLA 250 vs. operating Bio-SL

0.541287237

SLA 250 vs. Bio-SL

0.995143993

SLA 250 vs. operating Bio-SL

0.076540215

SLA 250 vs. Bio-SL

0.0056931

SLA 250 vs. operating Bio-SL

0.053971652

OD (cap portion)

ID (cap portion)

LD

Table 4.2 Mean value with standard deviation (SD) comparison for OD (multi lumen
portion), OD (cap portion), ID (cap portion), and LD for SLA 250, Bio-SL, and operating
Bio-SL system
OD (multi lumen
portion) (µm)

OD (cap portion)
(µm)

ID (cap portion)
(µm)

LD (µm)

SLA 250

2699 +/- 12.2 (SD)

2985 +/- 60.9
(SD)

1987 +/- 50.3
(SD)

474 +/- 10.4
(SD)

Bio-SL

2681 +/- 27.4 (SD)

3002 +/- 41.7
(SD)

1987 +/- 33.2
(SD)

454 +/- 18
(SD)

Operating Bio-SL

2707 +/- 39.9 (SD)

3005 +/- 51.8
(SD)

1938 +/- 36.3
(SD)

451 +/- 32.6
(SD)

All the graphs for the measured dimensions of the conduits show that the
fabricated dimensions were off from the CAD design due to the PEG material behavior
and/or response to the laser curing. Figures 4.6 and 4.7 show the outer diameter (OD)
multi-lumen portion and OD cap portion comparison for CAD, original SLA 250/50, BioSL system, and operating Bio-SL system.
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Figure 4.6 OD multi lumen portion (error bars represent +/- standard deviation, sample
size=10)

Figure 4.7 OD cap portion (error bars represent +/- standard deviation, sample size=10)

The manufactured conduit had smaller OD (multi lumen portion) than the CAD
dimension for all the three systems.

The graph shows that the OD values were

comparable to each other and P-values were statistically insignificant for all the
systems.

Figure 4.7 shows the OD cap portion comparison for CAD, original SLA
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250/50, Bio-SL system, and operating Bio-SL system.

The OD cap portion for all

fabricated conduits was larger than that of CAD dimension.

The OD for scaffolds

fabricated in Bio-SL system was also larger by 1.11 % than the original SLA 250
system. This was due to the lower laser velocities recorded for the Bio-SL system in
almost all of the builds. The lower velocity of the laser while curing causes laser energy
to be imparted for a longer time and hence more curing of solution occurs.
Figure 4.8 shows the inner diameter (ID) cap portion comparison for all the three
sets with CAD dimensions. The ID for all the three sets fabricated was larger than the
CAD dimension. While the ID for samples fabricated in operating Bio-SL system was
less by 0.97 %, the ID for conduits fabricated in Bio-SL system was equal with the
samples fabricated in original SLA 250 system. The lower velocities of laser resulted in
longer curing time which caused the ID to shrunk more in operating Bio-SL system
compared to the original SLA 250 system.

Figure 4.8 ID cap portion (error bars represent +/- standard deviation, sample size=10)
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Figure 4.9 Lumen diameter (error bars represent +/- standard deviation, sample size=10)

Figure 4.9 shows the lumen diameter (LD) comparison for all the fabricated
scaffolds with CAD dimension. The LD was larger for the fabricated samples than the
CAD dimension. Again, the LD for the samples fabricated in the Bio-SL system was
less by 0.95 % than that of samples fabricated in original SLA 250 because the lower
velocities of laser resulted in longer curing time which caused the LD to shrunk more in
Bio-SL systems compared to the original SLA 250 system.

4.3

STERILITY TEST
The sterility test of fabricated scaffolds was carried out to evaluate the capability

of the laminar flow hood to provide aseptic, particulate-free environment. The scaffolds
were placed in two types of media (dulbecco’s modified eagle’s medium (DMEM) and
tryptic soy broth (TSB)) contained in 6 well plates and were incubated at 37 °C, 5.0 %
CO2, and 90 % relative humidity. The conduits inside media were used as the positive
control. In order to make sure that the mediums itself were free from contamination, the
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mediums were also placed in the well plates without scaffolds. All the mediums were
observed daily to monitor the growth of any microorganism which is characterized by
turbidity of the media. Figure 4.10 shows the mediums with scaffolds.

A

B

Conduits
Figure 4.10 Media with conduits A. DMEM supplemented with 10% FBS, B. TSB

After 2 days of incubation, one of the wells showed contamination as shown in
Figure 4.11. This probably occurred due to the swabbing of the well plate cover for
media spillage, and this was used as the negative control. Insert shows the fibrous
structure of contamination under the microscope.

Contamination
growth

Figure 4.11 Contamination growth in the media (insert shows the contamination under
microscope)
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The media with scaffolds were observed every day for a week. None of the wellplates showed any tubidity; providing clear evidence that no contamination existed in
the fabricated conduits. Figure 4.12 shows the pictures of media with conduits after a
week of incubation.

A

B

Figure 4.12 Media with conduits after a week of incubation A. DMEM supplemented with
10% FBS, B. TSB
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CHAPTER 5
5.1

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS
This research focused on retrofitting the stereolithography (SL), a rapid

prototyping technology, inside a laminar flow hood to provide an aseptic, particulate-free
environment for scaffold fabrication. Two of the important objectives of this project were
to retrofit the commercial SLA 250/30 inside a laminar flow hood to demonstrate that the
manufacturability of the Bio-SL system was comparable to original SLA 250 system and
to conduct the sterility test on fabricated scaffolds to show that the laminar flow hood
was able to provide an aseptic, particulate-free environment for the fabrication.
The laminar flow hood was successfully designed to accommodate the
components of commercial SLA 250/30 system which can provide an aseptic,
particulate-free manufacturing environment by incorporating features such as UV
germicidal lamp and HEPA filter for the fabrication of NGCs or other designs. The
major components of the SLA 250 were successfully retrofitted inside the laminar flow
hood and original system manufacturability was achieved. This was evident from the
comparison studies conducted on the laser beam and the dimensional analysis of the
fabricated scaffolds. The sterility test showed no signs of microorganism growth in the
media with scaffolds, which shows that there was no contamination from the scaffolds
and the laminar flow hood (with Bio-SL system) was able to provide aseptic, particulatefree environment for scaffold fabrication.
The manufacturing of conduits using SL within sterility assurance level requires
the following: Aseptic, particulate-free environment which was achieved by retrofitting a

76

SL system inside a laminar flow hood and following aseptic fabrication procedures
previously mentioned.

5.2

RECOMMENDATIONS
The following recommendations are made to further improve the working

conditions of the laminar flow hood and conduit fabrication procedure.
•

The certification procedure was carried out by the professional agency in
order to have a hood which can meet the standards pertaining to the
laminar flow hoods. The hood failed in the certification test due to the leak
detected in the HEPA filter during certification. It is recommended that the
HEPA filter be replaced or repaired in order to get the hood certified.

•

As the scaffolds fabricated using retrofitted system will be used for the invitro experiments in future, it is recommended that the laminar flow hood
to be placed inside the clean room to provide an even better aseptic,
particulate-free environment for conduit manufacturing.

•

The hood sash was another important aspect of the laminar flow hood
because of the safety barrier it creates between work area and the
surrounding outside environment. Currently there is no interlock switch
used for the blower fan and sash. It is recommended that the interlock
switch be installed in order to ensure the appropriate laminar flow at all
times.

•

Currently, the switch for the UV germicidal lamp is inside the work area
and also the same power supply is used for florescent tubes and UV lamp.
It is recommended that the switch for the UV lamp be mounted outside the
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hood for easier operation and separate power supply be provided for UV
lamp and fluorescent tubes.
•

The proper aseptic procedure was followed during the scaffold fabrication
for this study.

Furthermore, it is recommended that the fabricated

conduits be sterilized before using them for any other study. One of such
sterilization method tested earlier include use of hydrogen peroxide and
further possibility of the same can be explored.
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APPENDIX A
Specifications for commercially available biosafety cabinets (www.nuaire.com):

Model
NU-480300
NU-480400
NU-480500
NU-480600

Size

Electrical

(Nominal)

(All Sizes)

3 ft.
4 ft.
5 ft.
6 ft.

115 VAC / 60 Hz
D:100 VAC / 5060 Hz
E: 230 VAC / 50
Hz
G:220 VAC / 60
Hz

Interior Dimensions
(W x H x D) In.
34 3/8 x 28 1/2 x 26
1/8
46 3/8 x 28 1/2 x 26
1/8
58 3/8 x 28 1/2 x 26
1/8
70 3/8 x 28 1/2 x 26
1/8

85

Exterior
Dimensions
(W x H x D) In.
41 5/8 x 63 x 32
7/8
53 5/8 x 63 x 32
7/8
65 5/8 x 63 x 32
7/8
77 5/8 x 63 x 32
7/8

Weight
475
lbs.
547
lbs.
649
lbs.
728
lbs.

APPENDIX B
Specifications for commercially available horizontal laminar flow hoods (www.genevascientific.com):

Catalog
#
GAH-3FB
GAH-4FB
GAH-5FB
GAH-6FB

External
Dimensions
(in.)
W
D
H

Internal Work
Zone
(in.)
W
D
H

Air
Volume
CFM

Laminar
Airflow
Velocity
FPM

40.7

29.5

49.4 34.5

23.6

28.3

598 cfm

90 fpm

52.8

29.5

49.4 46.5

23.6

28.3

806 cfm

90 fpm

64.8

32.5

43.5 58.5

23.6

28.3

1015 cfm

90 fpm

76.8

29.5

49.4 70.5

23.6

28.3

1224 cfm

90 fpm
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APPENDIX C
Protocol for working in laminar flow: [Freshney, I. Culture of Animal Cells – A
manual of basic technique, Wiley-Liss, 2000]
Materials
Sterile or aseptically prepared:
Media, stocks, etc., for immediate use
Glass pipettes, graduated, plugged, in square pipette cans, 1ml, 5 ml, 10 ml, 25 ml, or
individually wrapped plastic pipettes
Pipettes, 2 ml or Pasteur, fast flow, not plugged (for aspiration if using a pump)
Cultures for immediate attention
Culture flasks, Petri dishes, or multiwell plates
Nonsterile:
Pipetting aid or bulb
Waste beaker or aspiration pump and reservoir
70% alcohol in spray bottle
Lint-free swabs
Absorbent paper tissues
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Pipette cylinder containing wáter and disinfectant
Scissors
Notebook, marker pens, protocols, etc.
Protocol
1.

Swab down the work suarface area and all other inside surfaces of laminar-flow
hood, including inside of front screen, with 70% ethanol and a lint-free swab or
tissue.

2.

Bring media, etc., from cold store or thawed from freezer, swab bottles with
alcohol, and place those you will need first in the hood.

3.

Collect pipettes and place at the side of the work surface in an accesible position.

4.

Collect any other glassware, plastics, instruments, etc., that you will need, and
place them close by (e.g., on a trolley or an adjacent bench).

5.

Slacken, but do not remove, caps of all bottles about to be used.

6.

Remove the cap of your bottle(s) or flask(s), into which you are about to pipette,
and the bottle(s) that you wish to pipette from, and place the caps open side
uppermost on the work surface, at the back of the hood and behind the bottle, so
that your hand will not pass over them. Alternatively, if you rae handling only one
cap at a time, grasp the cap in the crook formed between your Little finger and
the heel of your hand, and replace it when you have finished pipetting.
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7.

Select pipette :
a) If glass, take pipette from can, lifting in parallel to the other pipettes in the can
and touching them as little as posible, particularly at the tops. If the pipette that
you are removing touches the end of the any pipettes still in the can, discard it.
b) If plastic, open the pack at the top, peel the ends back, turning them outside in,
and withdraw a pipette from the wrapping without touching any part of the outside
of the wrapping; discard the wrapping into the waste bin.

8.

Insert pipette in a bulb or pipette aid, pointing pipette away from you and holding
it well above the graduations, so that the part of the pipette entering the bottle or
flask will not be contaminated.

9.

The pipette in the bulb or pipette aid will now be at right angles to your arm.
Take care that the tip of the pipette does not touch the outside of a bottle or the
inner surface of the Hood. Always be aware of where the pipette is. Following
this procedure is not easy when you are learning aseptic technique, but it is an
essential requirement for success and will come with the experience.

10.

Tilt the bottle towards the pipette so that your hand does not come over the open
neck, withdraw the requisite amount of fluid, and transfer it to the recipient flask,
also tilted. If you are pipetting into several bottles or flasks, they can be sloped
by laying them on a suitable bottle rest (ICN). If you are obliged to use the
recipient flasks or bottles in a vertical position, without a rack (e.g. beacuse of
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lack of space), ensure that they remain well back in the hood and that your hand
does not come over open necks.
11.

Discard the pipette into the pipette cylinder containing disinfectant.

Plastic

pipette should be discarded into doublé-thickness autoclavable biohazard bags.
12.

Replace the cap(s) on the bottle(s) or flask(s). Bottles may be left open while
you complete a particular maneuver, but should be closed if you leave the hood
for more than a few minutes.

13.

On completion of the operation, tighten all the caps, and remove all solutions and
materials no longer required from the work surface.

Protocol for Handling Dishes or plates:
Protocol
To remove médium, etc:
1.

Stack dishes or plates on one side of the work area.

2.

Switch on aspiration pump.

3.

Select unplugged pipette and insert in aspiration line.

4.

Lift first dish or plate to center of work area.

5.

Remove lid and place behind dish, open side up.
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6.

Grasp the dish as low down on the base as you can, taking care not to touch the
rim of the dish or to let your hand come over the open area of the dish or lid.
With practice, you may be able to open the lid sufficiently and tilt the dish to
remove the médium without removing the lid completely.

This technique is

quicker and safer than the preceding one.
7.

Tilt the dish and remove médium.

8.

Replace lid.

9.

Move dish to other side of work area from the untreated dishes in the initial stack.

10.

Repeat procedure with remaining dishes or plates.

11.

Discard pipette and switch off pump.

To add médium or cells, etc:
1.

Position necessary bottles and slacken the cap of the one you are about to use.

2.

Bring dish to center of work area.

3.

Remove bottle cap and fill pipette from bottle.

4.

Remove lid and place behind dish, replace lid.

5.

Return dish to side where dishes were originally stacked.

6.

Repeat with second dish, and so on.

7.

Discard pipette.
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APPENDIX D
All laser speeds are in in/s

Sample
1

n
min
max
average
stdev

Sample
2

n
min
max
average
stdev

OPERATING
RETROFITTED
SL SYSTEM
Speed

SLA 250/50
SYSTEM

RETROFITTED
SL SYSTEM

Speed

Speed

0.929
0.914
0.929
0.946
0.914
0.929

0.829
0.804
0.856
0.842
0.793

0.929
0.929
0.962
0.98
0.869
0.829

6
0.914
0.946
0.927
0.012

5
0.793
0.856
0.825
0.026

6
0.829
0.98
0.916
0.057

SLA 250/50
SYSTEM

RETROFITTED
SL SYSTEM

Speed

Speed

0.914
0.929
0.898
0.929
0.914
0.914

0.929
0.914
0.962
0.914
0.946

0.804
0.817
0.793
0.842
0.929
1.037

6
0.898
0.929
0.9
0.0

5
0.914
0.962
0.9
0.0

6
0.793
1.037
0.9
0.1

92

OPERATING
RETROFITTED
SL SYSTEM
Speed

Sample
3

n
min
max
average
stdev

Sample
4

n
min
max
average
stdev

SLA 250/50
SYSTEM

RETROFITTED
SL SYSTEM

OPERATING
RETROFITTED
SL SYSTEM

Speed

Speed

Speed

0.914
0.929
0.929
0.929
0.898
0.929

0.817
0.793
0.817
0.842
0.804
0.817

0.914
0.793
0.842
0.962
0.817
0.914

6
0.898
0.929
0.921
0.0

6
0.793
0.842
0.8
0.0

6
0.793
0.962
0.9
0.1

SLA 250/50
SYSTEM

RETROFITTED
SL SYSTEM

OPERATING
RETROFITTED
SL SYSTEM

Speed

Speed

Speed

0.914
0.914
0.929
0.962
0.914
0.929

0.962
0.842
0.817
0.804
0.842
0.898

0.98
0.829
0.914
0.98
0.842
0.804

6
0.914
0.962
0.9
0.0

6
0.804
0.962
0.9
0.1

6
0.804
0.98
0.9
0.1
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Sample
5

n
min
max
average
stdev

SLA 250/50
SYSTEM

RETROFITTED
SL SYSTEM

OPERATING
RETROFITTED
SL SYSTEM

Speed

Speed

Speed

0.914
0.929
0.929
0.929
0.914
0.898

0.869
0.929
0.946
0.962
0.829
0.781

0.998
0.914
0.98
0.998
1.017
0.929

6
0.898
0.929
0.9
0.0

6
0.781
0.962
0.9
0.1

6
0.914
1.017
0.973
0.042
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